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The prevalence of SARS-CoV-2 is a great threat to global public health. However, the relationship between the
viral pathogen SARS-CoV-2 and host innate immunity has not yet been well studied. The genome of SARS-CoV-2
encodes a viral protease called 3C-like protease. This protease is responsible for cleaving viral polyproteins
during replication. In this investigation, 293T cells were transfected with SARS-CoV-2 3CL and then infected with
Sendai virus (SeV) to induce the RIG-I like receptor (RLR)-based immune pathway. q-PCR, luciferase reporter

assays, and western blotting were used for experimental analyses. We found that SARS-CoV-2 3CL significantly
downregulated IFN-p mRNA levels. Upon SeV infection, SARS-CoV-2 3CL inhibited the nuclear translocation of
IRF3 and p65 and promoted the degradation of IRF3. This effect of SARS-CoV-2 3CL on type I IFN in the RLR
immune pathway opens up novel ideas for future research on SARS-CoV-2.

1. Introduction

Late in 2019, a novel coronavirus strain causing a fatal respiratory
disease was reported that subsequently spread worldwide [1]. The
World Health Organization (WHO) gave the pathogen an interim name,
novel coronavirus 2019 (2019-nCoV) [2]. Following a large number of
reports describing the complete gene sequencing of this pathogen, the
virus could then be quickly identified in patients by reverse
transcription-polymerase chain reaction (RT-PCR) [3]. The WHO sub-
sequently renamed the 2019-nCoV pathogen SARS-CoV-2 and the dis-
ease it caused coronavirus disease 2019 (COVID-19) before 12 February
2020 [4]. This was followed by the WHO officially recognizing COVID-
19 as a pandemic [5]. It is worth noting that SARS-CoV-2 is an emerging
virus, and a large number of studies are still underway. The spread of
this pathogen involves several mechanisms, many of which are yet to be
well characterized [6].

While the primary target of SARS-CoV-2 is the human immune sys-
tem, the associated mechanisms remain to be characterized in detail [7].
SARS-CoV-2 is an enveloped virus with a single-stranded positive-sense
RNA genome that is approximately 30 kb in length [8]. As an aetio-
logical RNA viral pathogen, SARS-CoV-2 targets the innate immune
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pathway [9]. This aspect is an emergent avenue of current and future
research [10,11]. SARS-CoV-2 3CL is the 3-chymotrypsin-like protease
(also known as nonstructural protein 5, NSP5) that cleaves the poly-
protein at 11 different sites to produce various nonstructural proteins
[12]. This makes SARS-CoV-2 3CL a vital protein in the replication of
virus particles, unlike the structural or accessory protein-coding genes.
Thus, SARS-CoV-2 3CL is a potential target for screening molecules that
inhibit viral replication [13].

The RLR pathway, a vital part of the innate immune system, regu-
lates the production of type I IFNs to directly or indirectly control viral
replication [14,15]. Given the essential role of SARS-CoV-2 3CL in viral
replication and transcription, the protease emerges as a crucial protein
[16]. Once a cell is infected by the virus, the activation of the immune
system results in the expression of relevant genes in the system to
mediate viral replication [17,18]. To escape the immune system, the
virus changes its unfavourable environment into a favourable environ-
ment that facilitates viral replication and its subsequent release. This
involves unique mechanisms to destroy the immune defence system of
the host [19]. Thus, SARS-CoV-2 3CL is a vital target of study, as it may
serve as an important foundation for specific treatments [20].

In this study, SARS-CoV-2 3CL was transfected into 293T cells,
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followed by activation of the RLR antiviral immune pathway by Sendai
virus (SeV) infection to examine the effect of the viral protease on this
antiviral immune pathway. We aimed to understand the effect of SARS-
CoV-2 3CL on the production of type I IFN and the possible mechanism
of action.

2. Materials and methods
2.1. Cell culture, plasmids, and reagents

Human 293T cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO) supplemented with 10% fetal bovine serum
(FBS, GIBCO). Cells lines in our study have been tested and found free of
Mycoplasma. 3CL of SARS-CoV-2 SARS-CoV-2/Wuhan-Hu-1 strain) was
synthesized and cloned into expression vector pCGGS with the HA-tag at
N-terminus. The IFN-$ promoter, ISRE promoter or NF-kB promoter,
Myc-MAVS, Flag-RIG-I-N, Myc-TBK1, Flag-p65, Flag-IRF3/5D plasmids
have been previously described [21]. For immunoblot analysis, the
following antibodies were used: Anti-IRF3 (sc-9082, Santa Cruz), anti-
p65 (8242, CST), anti-PCNA (sc-56, Santa Cruz), anti-f-Actin (4970S,
CST).

2.2. SeV infection

Once the cells were infected by SeV, the culture medium was
removed from the plate and washed twice with phosphate buffered sa-
line (PBS). Serum-free medium containing SeV ([MOI] = 1) was added
at the specified time followed by replacement with the medium con-
taining 2% fetal bovine serum.

2.3. RNA Real-time PCR

Total RNA was extracted using TRIzol (Invitrogen), and cDNA was
synthesized using M-MLV reverse transcriptase (Promega) according to
the manufacturer’s instructions. The analysis of the relative gene
expression levels was performed using a StepOnePlus PCR System
(Applied Biosystems) and the following PCR primers: hIFN-p (IFNBI)
forward, 5'-AACTGCAACCTTTCGAAGCC-3'; hIFN-B (IFNB1) reverse, 5'-

TGTCGCCTACTACCTGTTGTGC-3’; hISG56 (IFIT1) forward, 5'-
TTCGGAG-AAAGGCATTAGA-3; hISG56 (IFIT1) reverse, 5'-
TCCAGGGCTTCATTCATAT-3’; hRantes (CCL5) forward, 5'-

TGCCTGTTTCTGCTTGCTCTTGTC-3’; hRantes (CCL5) reverse, 5'-
TGTGGTAGAATCTGGGCCCTTCAA-3’; SeV M  forward, 5'-
GTGATTTGGGCGGCATCT-3’; SeV M reverse, 5-GATGGCCGGTTG-
GAACAC. GAPDH served as an internal control using the PCR primers,
GAPDH forward, 5-TTGTCTCCTGCGACTTCAAC-AG-3’; GAPDH
reverse, 5-GGTCTGGGATGGAAATTGTGAG-3'.

2.4. Luciferase assay

Following transfection of IFN-f, ISRE, or NF-xB promoters, a p-Gal
plasmid, and the relevant plasmids required for the various experiments
in 24-well plates, cells were collected after infection with SeV. Twenty-
four hours later, cells were lysed using lysis buffer. After centrifugation,
luciferase assays were performed with a luciferase assay kit (Beyotime).

2.5. Subcellular fractionation

Transfected cells (5 x 107) that were infected with SeV or uninfected,
were washed with PBS and lysed using a Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Biotechnology) according to the
manufacturer’s instructions.

2.6. Codon optimization

Due to the availability of a large amount of genomics data, along
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with increased knowledge of protein expression and structure relation-
ships, codon optimization can significantly improve the level of gene
expression [22]. A variety of vital factors involved in different stages of
protein expression, such as GC content, mRNA secondary structure, and
codon adaptability, can be considered during this process [23]. In this
study, the 3CL gene of SARS-CoV-2 (SARS-CoV-2/Wuhan-Hu-1 strain)
was optimized accordingly for overexpression in Escherichia coli using a
commercial proprietary algorithm, NG® Codon Optimization Technol-
ogy (Synbio Technologies, NJ, USA).

2.7. Construction of the recombinant expression vector pET-30a-SARS-
CoV-2 3CL

The codon-optimized 3CL gene of SARS-CoV-2 (SARS-CoV-2/
Wuhan-Hu-1 strain) sequence was synthesized from Make Research
Easy. The plasmid pET-30a (+) was linearized using the enzymes BamHI
and EcoRI, and the linearized vector was purified using a DNA purifi-
cation kit (Zoman Biotechnology). The SARS-CoV-2 3CL sequence was
cloned into the prokaryotic expression vector pET-30a (+) with the His-
tag at the N-terminus using T4 DNA ligase and incubated at 16 °C
overnight. DH5a competent cells were provided by Shanghai Weidi
Biotechnology. The recombinant plasmid was identified by restriction
enzyme digestion and DNA sequencing and was named pET-30a-SARS-
CoV-2 3CL.

2.8. Expression and enrichment of the SARS-CoV-2 3CL fusion protein

Escherichia coli (E. coli) BL21 (DE3) competent cells were trans-
formed with the plasmid pET-30a-SARS-CoV-2 3CL to produce the
fusion protein BL-pET-30a-SARS-CoV-2 3CL. Cells from a single colony
of E. coli BL-pET-30a-SARS-CoV-2 3CL were inoculated into 5 mL of
Luria-Bertani (LB) medium containing kanamycin and incubated at
37 °C overnight. Cells were then inoculated into 500 mL of fresh LB
medium containing kanamycin until the optical density (OD) 600 of the
culture medium reached a value of 0.6-0.8. A final concentration of 0.5
mM isopropyl p-D-thiogalactoside (IPTG) was used to induce protein
expression for 5 h at 37 °C. The BL-pET-30a fusion protein was induced
using the same conditions by the same method. This was followed by the
harvest of noninduced BL-pET-30a, BL-pET-30a-SARS-CoV-2 3CL bac-
teria and induced BL-pET-30a and pET-30a-SARS-CoV-2 3CL bacteria.
Then, PBST buffer solution (containing a protease inhibitor) was added
to the harvested bacteria, and the bacterial cells were disrupted under
ultrasonic conditions. Finally, the lysed bacterial suspension was
centrifuged at 12,000 rpm at 4 °C, and the supernatant and inclusion
bodies were separated. Furthermore, the recombinant protein was pu-
rified by Ni?*-NTA agarose affinity chromatography using a His-tagged
protein purification kit. The supernatant was loaded on a Ni**-NTA
agarose column and washed with washing buffer (20 mM Tris, 0.5 M
NaCl, 10 mM imidazole). Then, the bound protein was eluted with
elution buffer (20 mM Tris, 0.5 M NaCl, 50-500 mM imidazole).

2.9. Preparation of the anti-SARS-CoV-2 3CL polyclonal antibody

New Zealand rabbits were given a subcutaneous injection of 3CL
protein at a concentration of 1 mg/mL emulsified with the same amount
of Freund’s complete adjuvant. For the second and third immunizations
at Day 22 and Day 36, respectively, 1 mL of antigen and an equal volume
of Freund’s incomplete adjuvant were emulsified to prepare the mixture.
Ten days after the last immunization, the rabbits’ carotid arteries were
bled to collect approximately 10 mL of whole blood, and the samples
were placed in a refrigerator at 4 °C overnight. The serum was collected
by centrifugation and divided into 4-mL aliquots, which were stored at
-80 °C for later use.



W. Zhang et al.
2.10. Immunoblot analysis and SDS-PAGE

Following the recovery of 293T cells showing 3CL eukaryotic
expression plasmid transfection for 24 h, the transfected cell proteins
were resolved by SDS-PAGE. The protein was transferred to a PVDF
membrane, with 5% skimmed milk used for blocking, followed by in-
cubation of the membrane with diluted 3CL antibodies (1:1000) at 4 °C
overnight. Then, a secondary antibody labelled with horseradish
peroxidase was added, and the final reaction product was visualized
using an enhanced chemiluminescence (ECL) kit (Beyotime
Technology).

2.11. Statistical analysis
Statistical significance was determined by applying an unpaired

Student’s t-test using GraphPad Prism. Values of P < 0.05 were
considered to be statistically significant.
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3. Results

3.1. SARS-CoV-2 3CL inhibits interferon-$ and downstream ISG mRNA
expression following SeV infection

To study whether SARS-CoV-2 3CL inhibits the production of inter-
feron (IFN)-B, 293T cells were transfected with SARS-CoV-2 3CL. At 24 h
after transfection, the cells were infected or mock-infected with Sendai
virus (SeV) for a period of 8 h. As shown in Fig. 1A, SARS-CoV-2 3CL
significantly inhibited the level of IFN-p mRNA. The mRNA levels of the
downstream genes of type I interferon IFIT1 and CCL5 (encoding ISG56
and Rantes, respectively) were also significantly suppressed (Fig. 1B and
C). To further investigate whether the expression of 3CL impacts SeV
replication, the mRNA expression level of the SeV M gene was monitored
in SARS-CoV-2 3CL-overexpressing 293T cells and control (Ctrl) 293T
cells. No statistically significant difference in the mRNA expression level
of the SeV M gene was observed between SARS-CoV-2 3CL-overexpress-
ing 293T and Ctrl 293T cells (Fig. 1D). These results indicate that SARS-
CoV-2 3CL can inhibit the activation of IFN-§ when infected with SeV.

To detect the successful expression of 3CL, we prepared a polyclonal
antibody against SARS-CoV-2 3CL. The full-length SARS-CoV-2 3CL
gene sequence was synthesized by Make Research Easy and cloned into
the pET-30a vector using the EcoR I and BamH I sites (supplementary
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Fig. 1. SARS-CoV-2 3CL inhibits IFN-f and ISG mRNA expression. (A-C) Quantitative PCR analysis of IFNB1 (A), IFIT1 (B), and CCL5 (C) mRNA levels in 293 T cells
transfected with empty vector or the HA-3CL-expressing plasmid for 24 h followed by infection with SeV for 8 h (top). Expression of the indicated transfected
plasmids was detected by immunoblotting with an anti-3CL antibody (1:1000) (below). (D) Quantitative PCR analysis of SeV M mRNA levels in 293T cells transfected
with HA-3CL-expressing plasmid or an empty vector and then treated with SeV for the indicated time periods (top). The expression of the indicated transfected
plasmids was detected by immunoblotting (below). *P < 0.05; **P < 0.001; ***P < 0.001 (unpaired, two-tailed Student’s t-test). Data are representative of at least

three independent experiments.
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Fig. S1A). The presence of the inserted DNA sequence in the recombi-
nant plasmid was confirmed by restriction enzyme digestion (supple-
mentary Fig. S1B) and then further ascertained by DNA sequencing
(supplementary Fig. S1C). Following transformation with pET-30a-
SARS-CoV-2 3CL, E. coli Rosetta cells were induced to express the
fusion protein. Both the unpurified and purified 3CL products were
found to be approximately 38 kDa (supplementary Fig. S2A and B). For
the analysis of the titer of the 3CL antibody in serum, rabbit serum
injected with 3CL antigen was incubated at ratios of 1:100, 1:500,
1:1000, 1:5000 or 1:10,000. The results showed that the target band was
observed at a titer ratio range of 1:5000 to 1:100 (supplementary
Fig. S3A). In the following studies, an anti-3CL antibody diluted 1:1000
was utilized. We next detected the expression of 3CL by western blotting
analysis (Fig. 1A-D).

3.2. SARS-CoV-2 3CL inhibits the promoter activities of IFN-§, ISRE and
NF-«xB

Reporter assays revealed that SARS-CoV-2 3CL downregulated the
activation of the IFN-f promoter induced by SeV infection in 293T cells
in a dose-dependent manner (Fig. 2A). Genes encoding type I IFNs are
mainly regulated by the IRF3 and NF-kB signalling pathways [24].
Therefore, we next determined the pathways involved in IFN-B

B
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activation that were regulated by SARS-CoV-2 3CL. The SeV-induced
activation of the ISRE and NF-xB promoters hypothesized to stimulate
the RIG-I signalling pathway was inhibited by SARS-CoV-2 3CL in a
dose-dependent manner (Fig. 2B and C). These results demonstrated that
SARS-CoV-2 3CL inhibited IRF3- and NF-kB-mediated innate immune
responses in a dose-dependent manner.

3.3. SARS-CoV-2 3CL inhibits the RIG-I-like signalling pathway

We next examined the signalling cascade at which SARS-CoV-2 3CL
blocks the antiviral innate immune response. We cotransfected the
plasmid expressing SARS-CoV-2 3CL with those encoding key signalling
proteins of the RIG-I-like signalling pathway. This was followed by the
determination of the activation of the IFN-p, ISRE, and NF-kB promoters.
As shown in Fig. 3A-C, the overexpression of SARS-CoV-2 3CL inhibited
RIG-I-N-, MAVS-, TBK1-, p65-, and IRF3/5D (a constitutively active IRF3
mutant)-triggered [FN promoter activation. Additionally, the results
were similar for the mRNA expression of endogenous IFNB1, IFIT1, and
CCL5 induced by RIG-I-N, MAVS, TBK1, and IRF3/5D (Fig. 3D-F). Taken
together, the results suggest that SARS-CoV-2 3CL suppressed the RIG-I-
like signalling pathway.
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Fig. 2. SARS-CoV-2 3CL inhibits IFN-B, ISRE, and NF-kB promoter activity. (A-C) Luciferase activity of lysates from 293T cells transfected with IFN-p-Luc for 24 h
(A), ISRE-Luc (B), or NF-kB-Luc (C), along with 100 ng to 400 ng of the HA-3CL-expressing plasmid followed by SeV exposure for 6 h. The results are presented
relative to the luciferase activity in control cells with the luciferase reporter and empty vector (top). Expression of the indicated transfected plasmids was detected by
immunoblotting with an anti-3CL antibody (1:1000) (below). *P < 0.05; **P < 0.001; ***P < 0.001 (unpaired, two-tailed Student’s t-test). Data are representative of

at least three independent experiments.
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Fig. 3. SARS-CoV-2 3CL inhibits RIG-I-like signalling pathways. (A-C) Luciferase activity of lysates from 293T cells transfected with luciferase reporter constructs
IFN-b-Luc for 24 h (A), ISRE-Luc (B) or NF-kB-Luc (C), plus Flag-RIG-I-N, Flag-MAVS, Myc-TBK1, Flag-p65, or Flag-IRF3/5D, along with HA-3CL or an empty vector.
The results are presented relative to the luciferase activity in control cells expressing the luciferase reporter and empty vector (top). Expression of the indicated
transfected plasmids was detected by immunoblotting with an anti-3CL antibody (1:1000) (below). (D-F) Quantitative PCR analysis of IFNB1 (D), IFIT1 (E), and CCL5
(F) mRNA levels in 293T cells transfected for 24 h with the indicated plasmids and HA-3CL or an empty vector (top). The expression of the indicated transfected
plasmids was detected by immunoblotting (below). *P < 0.05; **P < 0.001 (unpaired, two-tailed Student’s t-test). Data are representative of at least three inde-

pendent experiments.

3.4. SARS-CoV-2 3CL targets IRF3 to regulate the RIG-I signalling
pathway

IRF3 and p65 proteins translocate from the cytoplasm to the nucleus
to activate the transcription of type I [FNs. We next assessed the effect of
SARS-CoV-2 3CL on the nuclear translocation of IRF3 and p65. Subcel-
lular fractionation and relative quantification analysis demonstrated
that IRF3 and p65 rapidly translocated from the cytoplasm to the nu-
clear fraction in 293T cells compared with SARS-CoV-2 3CL-overex-
pressing 293T cells after SeV infection (Fig. 4A). In an attempt to
identify candidates that are direct targets for the proteolysis of SARS-
CoV-2 3CL, we initially tested the effect of SARS-CoV-2 3CL on
different components of the RLR pathway in terms of their stability. We
found that SARS-CoV-2 3CL promoted the degradation of IRF3 (Fig. 4B).
The quantifications of the western blots are shown on the right sides of
the blots. Together, these data suggest that IRF3 is the target protein of
SARS-CoV-2 3CL in the suppression of RIG-I-mediated type I IFN
production.

4. Discussion

The production of interferons (IFNs) is essential to eliminate
invading viruses and maintain immune homeostasis [25,26]. Moreover,
type I interferon inhibits viral replication while also regulating the
expression of downstream genes [27]. The production of type I inter-
feron in the antiviral immune pathway involving RIG-I-like receptors is
influenced by multiple target proteins [28,29]. SARS-CoV-2 is a novel
strain of coronavirus that cause an infectious respiratory disease and was
discovered in humans in late 2019 [30]. The virus is a serious threat to
life [31]. The SARS-CoV-2 3CL protease plays an important role in the

replication of the virus [32]. In this study, the role of SARS-CoV-2 3CL in
the innate immune antiviral pathway was examined. We found that
SARS-CoV-2 3CL can inhibit the production of interferon-p and its
downstream ISGs (ISG56 and Rantes) in SeV-stimulated 293T cells.

Coronavirus 3C-like protease is an important protease in viral
replication [33,34]. To study the mechanisms of coronavirus infection,
several extensive studies have been conducted [35]. The genetic
sequence of the virus was also released [36]. It is known that the first
line of defence of the immune system plays an important role in the
process of resisting viral invasion [37]. Infection by an RNA virus acti-
vates the RIG-I-like receptor signalling pathway and promotes the
expression of IFN-I along with several downstream genes, including ISGs
[38]. In our work, 293 T cells were transfected with plasmids expressing
the SARS-CoV-2 3CL protein followed by infection with SeV. This was
followed by detecting the expression of IFN-f and ISGs using q-PCR. The
results showed that the SARS-CoV-2 3CL protein had suppressive effects
on the mRNA levels of IFNs and the ISGs studied. However, a recent
report showed that no significant difference in SeV-mediated IFN-p
activation was detected in the expression of 3CL (also known as NSP5)
[39]. There are some possible reasons for this discrepancy. The different
experimental details lead to different results, such as the plasmid
transfection dose or time points in response to SeV infection. Very
recently, Fung et al. reported the suppressive effect of 3CL on IFN-§ gene
transcription. They revealed that 3CL proteins encoded by SARS-CoV
and SARS-CoV-2 antagonized IFN production by retaining phosphory-
lated IRF3 in the cytoplasm [35].

Host proteins possibly influence important target proteins in the RLR
pathway, such as MAVS, RIG-I-N, TBK1, p65, and IRF3, to affect the
production of type I interferon. In our study, we found that SARS-CoV-2
3CL can downregulate the production of type I interferon in the RLR
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Fig. 4. . SARS-CoV-2 3CL targets IRF3 to regulate the RIG-I signalling pathway. (A) Immunoblot analysis of the indicated proteins in 293T cells transfected with HA-
3CL or an empty vector and then infected with SeV for 6 h, followed by nuclear-cytoplasm extraction. The expression levels of the indicated proteins were analysed
with the indicated antibodies (left). Relative quantification analysis of IRF3 and p65 (right). (B) Immunoblot analysis of lysates of 293T cells transfected with Flag-
RIG-I, Flag-MAVS, Flag-TBK1, Flag-p65, or Flag-IRF3, along with HA-3CL or an empty vector for 24 h. The expression levels of the indicated proteins were analysed
with the indicated antibodies (left). Relative quantification analysis of RIG-I, MAVS, TBK1, p65 and IRF3 (right). *P < 0.05; **P < 0.001; ***P < 0.001 (unpaired,
two-tailed Student’s t-test). Data are representative of at least three independent experiments.

pathway. Subcellular fractionation demonstrated that SARS-CoV-2 3CL
inhibited the nuclear translocation of IRF3 and p65. In an attempt to
identify candidates that are direct targets for proteolysis of SARS-CoV-2
3CL, we tested the effects of SARS-CoV-2 3CL on different components of
the RLR pathway in terms of their stability. We found that SARS-CoV-2
3CL significantly promoted the degradation of IRF3 upon SeV infection.
Taken together, these data suggested that IRF3 was the target protein of
SARS-CoV-2 3CL to suppress RIG-I-mediated type I IFN production. The
target of the protease to inhibit the production of type I interferon and
the associated mechanisms will be the subject of future research.

The construction and expression of the prokaryotic expression vector
SARS-CoV-2 3CL with the synthesized SARS-CoV-2 3CL protein was
injected into rabbits along with an antigen adjuvant to produce a SARS-
CoV-2 3CL polyclonal antibody. In this study, our results showed that
the target band was observed at a titer ratio range of 1:5000 to 1:100,

and we incubated the PVDF membrane with diluted 3CL antibodies
(1:1000) at 4 °C overnight in immunoblot analysis. The preparation of
this polyclonal antibody has also laid a foundation for future research.

In our study, the production of type I interferon in the RLR antiviral
immune pathway was significantly affected by SARS-CoV-2 3CL. This
finding provides a foundation for future detailed studies on SARS-CoV-2,
thereby making a definite contribution to research that can affect human
life and health.
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